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By Camon M. Auble 

SUMMARY 

Six  single-element  injectors that systematically var ied propellant 
spreading and mixing were  campared using liquid w g e n  and gaseous hydro- 
gen in a 200-pound-thrust rocket  engine. m a c t e r i s t i c   v e l o c i t y  w a s  
measured over a r a g e  of oxidant-fuel weight r a t i o s  of approximately 2 
t o  7 a t  a t o t a l  propellant flow of! about 0.6 pound per second. Most of 
the experiments were made with propellants a t  an i n i t i a l  temperature of 
-320O F. 

Characteristic  velocity  efficiency f o r  a l l  the injectors, except 
the  parallel   jets,  approached 94 t o  97 percent at  the extreme fuel-rich 
mixture r a t io .  Injectors that mixed and spread  the  propellants had ef- 
ficiencies exceeding 93 percent over the  entire mixture  range. An in- 
crease in hydrogen temperature f ran -320° t o  80° F Increased  efficiency 
about 20 percent. For similar  propellant  treatment  the  cmibustor  length 
f o r  oxygen-hy&ogen was about 0.2 t o  0.5 times that needed t o  obtain 
comparable efficiencies with wgen-heptane. 

Fuel  dispersion Fncreaaed efficiency only slightly more than oxygen 
aspers ion   a t  camparable ccmditione. In  both  cases, the increase varied 
wLth mixture r a t i o  and the treatment of the other propellant. Mxing 
hEtd a relatively small effect on efficiency over the  entire mixture 
raage . 

The data were com.pa.red with previous results f o r  heptane-oxygen, 
and it was deduced that the cmibustion rates & both systems are con- 
t rol led by physical  processes  such a s  atomization,  evaporation, and dif- 
fusion, rather than by chemical kinetics. 

The oxygen-hydrogen propellant cambination i s  of interest  f o r  long- 
range  rocket  missiles  because of its high theoretical  specific impulse. 
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Some experimental  engine data have been reported (ref's. 1 t o  4). High 
performance m s  obtained in   re la t ively small cmbustors end i n  one in- 
vestigation hydrogen; was used as a regenerative  coolant. 

The  work with oxygen-hydrogen propellants reported herein had two 
primary purposes: (1) t o  learn what iMection  processes axe important 
i n  achieving high performE2nce, and (2) t o  compare the  results  with simi- 
lar data for  other  propellants in order t o  deduce the  influence of pro- 
pellant  physical and chemical properties on injection req.ui.ements. 

me  injection processes  considered  important f r m  t h e  standpoint 
of combustion efficiency and injector design are mixing and propellant 
dispersion  or  spreading. These processes  are used to describe  the  pri- 
mary functions of the  injector . For example, mixing i s  a primary func- 
t i o n  whea it i s  emphasized i n  an injector d e s a  although mixing occurs 
in s m e  extent with any injection method. 

This study W&S conducted Fn a 2OO-pound-thrust rocket engine with 
single-element  injectors desi-gned to emphasize the following schedule 
of. injection  processes: 

(1) NO mixing  or spreading  (dispersion) 

(2)  Spreading  without mixing 
(a) Spreading of the oxygen only 
b) Spreading of the hydrogen anly 
c)  Spreading of both propellants 

(3) Sprea-g with mixing 
(a) Mixing before  spreading 
(b) Mixing a f t e r  spreading 

Total weight flow was held  constant t o  ensure similarity between 
processes f o r  the various  injectors a t  the same mixture ratio. The rela- 
t ive importance of the  processes was obtained by c e r i n g  characterietic 
velocity  efficiencies of the injectors. 

This study is similar t o  a previous one on W g e n  and heptane re- 
ported in reference 5. The results are compared with that study f o r  
the significance of changes in physical and chemical properties. 

Rocket Installation 

The 2W-pound-thruet rocket  installation i s  sham 6 c h m t i c a l l y   i n  
figure 1. The uncooled rocket chambers  were a l l  2 inches in diameter 
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and varied in length from about 2 t o  8 Uches  (characteristic lengths 
I,* 12.5 t o  50 in. ) ; most of the data was taken with 8-inch chamber 
lengths. An uncooled, convergent  nozzle with a throat diameter of 0.78 
inch w-as used. The design chamber pressure was 300 pounds per square 
inch.  Ignition was accomplished with a spark plug mounted in the chamber 
wall. 

Injectors 

The single-element  Injectors are sham schematically in figure 2. 
The uncooled injectors w e r e  placed in  the center of the injection  plane. 
Centerline  spacings of the jets and sheets were 0.30 inch  for a l l  in- 

manentun, and pressure drop are sham as a function of mixture r a t i o   i n  
figure 3. Injector g, which differs i n  arrangement from the  others, was 

M jectors. The design  conditions f o r  injection  velocity, total propellant 

? used on ly  t o  examine the effect of fue l  placement on efficiency. 
8 
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Spray pictures f o r  two injectors are shown i n  figure 4. Water was 
injected through the oxidant  holes at a pressure drop of 100  pound^ per 
square  inch. H e l i w n  w a s  injected through the  fuel  holes and i t a  effect  
an the water  spray is  shown i n   t h e  photographs. Increased helium flow 

a hydrogen j e t  was EtpproxFmated by a helium pressure drop of 250 pounds 
per square  inch, whereas, the  velocity was appro-ted by a pressure 
drop of 10 pounds per square  inch. 

.) improved atanhat ion and gpreading with a l l  injectors. The momentum of 

- 

Instrumentation 

Hydrogen-flow rates were measured with a venturi, and oxygen-flaw 
rates with a rotating vane-type instrument. Pressures and thrust  were 
measured with strain-gage  transducers. Copper-constantan thermocouples 
were used t o  determine propellant  temperatures.  Instrument  accuracy was 
evaluated s t a t i s t i ca l ly  as described later. 

Propellants 

The propellants used were gaseous hydrogen and liqurd oxygen. Hy- 
drogen was used a t  -320° and 800 F, and oxygen at -320° F. The temper- 
ature of -320° F, the atmospheric boiling  point of liquid nitrogen, was 
chosen f o r  the following reasons: (I) the convenience of using liquid 
nitrogen as a coolant, and (2) the  eLhipation of liquid-hydrogen handl- 
ing problems. Hydzogen a t  -320" F more nearly apprcarimates that hydrogen 
enter ing  the  iaector  of a regeneratively  cooled  engine than would liquid 
hydrogen. The oxygen was cooled t o  -320° F t o  minimize gas formation be- 
fore  injection. 
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Operating  Procedure 
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For each run, the engine was started with a short o v g e n  lead, and 
then run at  full propellant flow f o r  about 2 s.econds. hnger  runs  were 
not possible because of overheating of the uncooled rocket  parts.  Per- 
f o m c e  reached a constant Value during this t-. Runs  were  made Over 
an oxi-nt-fuel  weight-ratio range of about 2 t o  7 (equivalence r a t io  of 
0.25 t o  0.88) . Equivalence r a t i o  re is deflned as 

Oxidant-f’uel weight r a t i o  re = - - o/f 
Stoichiometric oxidant-fuel weight ra t io  7.95 

Total propellant weight flow was held at about 0.61 pound per second 
f o r  a l l  runs a t  an equivalence ratio above 0.35. Below this equivalence 
ratio, it wa6 necessary t o  reduce weight flows because of Urnitations Fn 
the hydrogen-flow system. Since weight flow was constant and character- 
is t ic   veloci tyvaried with injector and mixture ratio, chamber pressure 
varied between 200 and 300 pounds per  square  inch. 

Data  Reduction 

Cold hydrogen-flow calculations from venturi  pressure data were 
made using  pressure, volume, and temperature relations from reference 6. 

Characteristic  velocity c* data were calculated f o r  each run. 
Specific impulse I, data were used as a check of the c* evaluation. 
Characteristic  velocity w a s  calculated frm the following equation 

c* = PcAtg/w 

where 

PC chamber pressure, lb/sq in.  abs 

A t  nozzle throat area, sq in. 
g mass conversion factor, 32.2 ft-lb/(lb) (sec ) 

w total  propellant  flow  rate,  lb/sec 

2 

Specific impulse was calculated frm 

E 
0 

I, = F/w 

where F is thrust in pounds. 
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The  error  limits on experimental  characteristic-velocity data were 
calculated using the  statistical  methods  described in reference 7. The 
calculations  were  based on standard deviations of Fnstrument  calibration 
readings  over a period of time.  They  include  instrument and reaaing 
errors  for  static  instrument  operation.  Dynamic  errors may have  been 
somedt larger  because  of  greater  difficulty in reading data that  oscil- 
lated  about a m e a n  value. Error  limit  ranges shown on the data curves 
are  95-percent  probability  lFmfts. 

Because  uncooled  chanfbers  were  used,  the d a t a  were  not  corrected 
for  heat-transfer  losses. 

Theoretical  Performance s 

Theoretical  characteristic  velocity  and  specific  impulse  for 
hydrogen - liquid  oxygen  systems  are ahown i n  figure 5. These data were 
obtained  from  reference 8 (table II, figs. 4 and 5). Corrections  are 
shown for  gaseous hydrogen, and the d a t a  are  for a convergent  nozzle. 

RfiSIliXC'S AND DISCUSSION 

Characteristic  velocity is shown as a function of mixture  ratio in 
figure 6 for injectors  (a)  to (f). Also shown are characteristic  veloc- 
ity and specific h2-e efficiencies  (percent of theoretical  values). 
Figure 7 summarizes  the  c*  efficiencies;  for  CCgIlpaTison,  the data of 
reference 5 for  oxygen-heptane  are  also  plotted.  Best eficiency was 
always obtained  at  the  richest  mixture  tested  (re = 0.25; o/f = 2 .O) . 
This mixture  is  richer  than  those for max3mmn theoretical  characteristic 
velocity (re = 0.35; o/f = 2.8) and maximum theoretical  specific  hrpulse 
(re = 0.4; o/f = 3.2). 

Injector  Efficiencies 

No spreading;  or mixiw. - The  parallel-jets  injector  (fig. 7(a)) ,  
representing minirmrm spreading and mixing, gave  the  lowest  efficiencies, 
69 to 83 percent.  These values are 30 to 40 percent  higher  than  those 
obtained for  oxygen-heptane in reference 5. 

EZfect  of  propellant  spreading;. - Fuel  spreaaing  produced only a 
slightly  larger  efficiency increment than oxygen dispersian. The  ef- 
fects  are sham i n  figures 8 and 9, where  the  shaded  areas  represent 
the  efficiency  increases  for  oxygen  dispersion and hydrogen  spreading, 
respectively. Similar data for  oxygen-heptane  (ref. 5) are  also  shown 
for comparison. It  is apparent that the  effects of propellant spxading 
depend on the  mixture r a t io  and the  treatment  given  the  other  propellant. 
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The efficiency with oxygen. atomization when the fuel was not dis-  
persed  (fig. 8(a)) decreased w i t h  an increase in  equivalence r a t i o   t o  - 
about 0.5 t o  0.6 and then  increased. The i n i t i a l  decrease may be  due t o  
the  spreading of oxygen away from the  vicinity of the hydrogen je t .  The 
reason for the increase  fouowing is  not BO a m e n t .  The decreastng 
momentum of the hydrogen j e t  coupled with improved oxygen atcanization 
could permit the flame f r an t   t o  move nearer the  injector and so improves 
mixing because of canbustion  turbulence. 

When the fue l  i s  dlspersed  (fig. 8(b)), the efficiency  with oxygen B 
atomization  increases w i t h  equivalence r a t io .  This may be interpreted 
simply as the result of continual  increase  in  interfacial area together 
with improved  oxygen atomization. 

0 

The effect  of fuel spreading when the oxygen wae not atmlzed (fig. 
9(a))  decreased  the  efficiency continually a8 the equivalence r a t i o  in- 
creased. This behavior probably reflects  the decreased  dispersion & 
hydrogen &B mamenturn decreases. 

As might be expected, fuel spreading in the presence of dispersed 
oxygen (fig.  9(b) ) produced about the same effect as the  reverse treat- 
ment (fig.  8(b)) and for the same reasons. 

Spreading  both propellants (fig. 7(d)) substastially decreased the 
dependence of efficiency on mixture ra t io  (91 t o  97 percent). The ~ n d i -  
vidual  effects of prope-t spreading were not  additive i n  vfew of 
their atrang dependence on enYir0-t. 

EX'fect of mixi - Mixing the  propellants  either  before  or  after 
spreading (figs. 7(3 and (f) ) essentially  eliminated the dependence of 
efficiency on mixture ratio (93 t o  96 percent) . As shown in figure 10, 
mixing produced a very amdl increase in efficiency. IIzlis result  ia in 
harmony with the large effects of propellant spreading. With essen- 
tially gasem  propellants of low molecular weight, the diffusion rates 
are so large that spreading i s  accmganied by appreciable mixing. 
Forced mixing, therefore, can have only a minor effect on ef'f iciency . 
'Phis complicated spreaw-mixing phenmenon probably explains why the 
individual  spreading  effects were nonadditive. 

Another way t o  evaluate  the  relative  effects of spreading and mixing 
on c* e f f ic~ency  is t o  measure these  effects as a function of combustor 
length. ZYgure U shows the data from such experiments. 

The relatively srnall influence of mixing an cambustion efficiency 
even at a combustor length of' 2 inches  agrees with the previous dis- 
cussion. Campwison of the parallel-jet and parallel-sheet data again 
shows the  relatively large effects of propellant; spreading. 
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Hfect of hydrogen  temperature. - Figure 12 shows  the  c* &I- 
ciency  of  the  parallel-jets  injector  for a hydrogen  inlet  temperature of 
80' F. A 400° F increase in initial  fuel  temperature  -roved  effi- 
ciency  about 20 percent. 

The  reactivity of the  mixture  probably  increased  with the increase 
i n  initial  temperature  and so fmproved  the  heat-release  rate ne= the in- 
jector. In addition,  the  higher  temperature  undoubtedly Fmproved disper- 
sion and diffusion of the  fuel, and decreased  the  heating  requirements 
for  ignition.  The  net  result muld be  better  propellant  preparation  for 
burning, which  could  compensate  for any reduction in stay-time and mix- 
ing that  might  have  occurred  because af the higher axial injection  ve- 
locity of the  fuel. 

Although  this  test of hydrogen-temperature  effects was limited in 
scope,  there  is no a p e n t  reason to  belleve  that  efficiency  would  be 

. reduced in any case  with an increase of' inJectim temperature. 

Hfect of fuel  placement. - The  effects of placing the  hydrogen 
outside  the  oxygen  are  shown i n  figure 13. Efficiency over the  entire 
mixture-ratio  range is less than for the  parallel-jets  injector. In 
this  case,  apparently, a major portion  of  the  fuel can diffuse away f ram 
the  reaction  zone  Kithout  reacting.  With a hrge nuniber of elements 
this effect  would  probably  be negligible except  at  the  periphery of the 
injection  plate  where  asymmetric  fuel  placement  might occm. 

Operational  characteristic^ 

Starting  and  stability. - Starts  were  Etlways smooth w i t h  the pro- 
pellants when an w g e n  lead of about 0.1 second was used.  The  injectors 
exhibited  little  instability  that  could  be  detected. One photograph 
showed  some  rotary  screaming  (high-frequency  pressure  oscillations)  with 
the  hpinging-sheets  injector.  It is possible  that this screaming oc- 
curred  at  other  tfmes,  but was not  detected.  Occasional chugging was 
observed  at lar oxygen pressure drops (i .e., about 50 lb/sq in. 1 with 
all inJectors. 

Burnouts. - The  three  highest  performing  inJectors  (Impinging 
sheets,  impinging  jets, and parallel sheets;  fig. 7) heated  chambers 
very rapidly,  often  burning them out. It is possible  that  undetected 
rotary screaming was responsible f o r  t h i s  high heat  transfer to the 
chamber.  Injector  damage was seldm experienced  with any af the 
injectors. 
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Comparison of Oxygen-Hydrogen and Oxygen-Heptane Systems 

The effects of propellant  properties on c* efficiency can be de- 
duced  by  comparing the  results of this investigation d t h  those of ref- 
erence 5 for oxygen-heptane. Such a caparison is  shown in  f igure 14. 
The efficiency increments from figures 8 t o  10 have been normalized by 
dividing by the  difference between theoretical and actual  characteristic 
velocity for the  parallel-jets  injector. In  this way the  large  differ- 
ence i n  base efficiency  (parallel  jets)  for  the two systems does not-in- 
terfere  with the cCmrpEtrison: For purposes of discussion,  the normalized 
parameter i s  called  the "improvement factor." E 0 

Canprison of base  efficiencies. - The large  difference  in base ef- 
ficiencies between  oxygen-hydrogen and oxygen-heptane (30 t o  40 percent) 
might be due to- the  higher  reactivity of the bydragen system or  the 
higher diffusion  rate of hydrogen. Although the laminar flame  speed of 
oxygen-hydrogen is considerably  higher than oxygen-heptane, the  r a t i o  
of diffusion  rates is  even greater. This fact  leads t o  the deduction 
that fuel-physical-property  diff'erences  are primarily responsible fo r  
the observed differences in .c*  efficiency. This argument i s   fu r the r  
supported by the following discussion on propellant  spreading. The dif- 
ference i n  fuel  physical  states may not  enter  the conparisan  because the 
enthalpy rise  required f o r  hydrog- entering a t  -320O F i s  greater than 
that required t o  vaporize and heat heptane t o  the  respective  ignition 
temgeratures. Because of the phase change with heptane, however, the 
heating rates of the two f'uels could be quite  different. 

Propellant  spreadiw. - The improvements from oxygen atomization 
and fuel dispersian f o r  the two propellant systems are c e r e d   i n  fig- 
ures 14(a) t o  (a). The  improvement factors  for oxygen-hydrogen, unlike 
those fo r  oxygen-heptane,  depend strongly on mixture r a t i o  and treat- 
ment of the  other  propellant. This difference can be explained by as- 
suming that fuel  vaporization is the  rate-controllhg  eteg  in oxygen- 
heptane crmibustion,  and propellant  diffusion,  the  rate-controlling  step 
i n  oxygen-hydrogen  ccmibustlon. The l a t t e r  would depend on mixture 
ra t io  and interfacial   area between propellants. 

Dispersion of both  propellants  (fig.  14(e) ) produces about the 
same  improvement factor f o r  both systems. Such behavior would not be 
expected if chemical kinetics were rate-controlling f o r  the oxygen- 
hydrogen system, which supports  the  deduction that physical  processes 
control  both systems. 

For the oxygen-heptane system, fuel atomization was roughly three 
times 88 effective as axygen atomization, whereas these  effects were 
nearly the same for the oxygen-hydrogen system. It is  concluded that 
as  the  physical  properties  (volatility,  state,  Wfusion  rate) of the 
fuel  and oxidant became similar so do the effects af atmizing  or 
spreading each propellant. 
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Propellant mixing. - The effects of mixing are shown in   f igures  
14(f) and (g), and are about the same f o r  both systems. For well- 
atomized systems, therefore, induced mixing only supplements that ob- 
tained frm diffusion and combustion turbulence. 
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With oxygen-heptane (ref. 5) , mixing did reduce ccanbustor  volume 
requirements. This was not the case i n  the present  study  (fig. U). 
Apparently, the diffusion of hydrogen i s  BO rapid a t  cmbustion temper- 
atures that forced m i f i n g  has only a minor influence on combustion rate. 

Cambustor  volume requirements. - The data of figure ll when cm- 
pared with the  extrapolated combustor velocity curves of reference 5 
provide an  estimate of the  relative cambustor volumes required by the 
two systems at. amparable  efficiencies. 

With no spreading o r  mixing, oxygen-hydrogen required not more than 
half the volume of owgen-heptane. 

When the propellants were spread and mixed, the ra t io  of cmbustor 
volumes was not more thEan about 0.2.  Such a reduction in  combustor 
volume could ban a lighter powerplant and possibly  allevfation of the 
cooling problem with the oxygen-hydrogen system. 

Injection processes f o r  gaseous hydrogen and liquid oxyQen at a 
temperature of -320° F were studied using single-element  injectors in a 
200-pound-thrust rocket  engine. Six W e c t o r s  that varied spreading and 
mixing were ued.  Characteristic  velocity was  measured over an  oxidant- 
fuel weight r a t io  of about 2 t o  7 at a propellant weight flow af about 
0.6 pound per s e c d .  Ckmber pressure Parfed from 200 t o  300 pounds 
per square inch absolute. The results  are summartzed as follows: 

1. Injectors that mixed and spread the propellants had 
chazacteristic-velocity  efficiencies of a t  l ea s t  93 percent over the en- 
t i r e  mixture  range. 

2. Injectors, which spread either the oxygen or  fuel alone, had 
characteristic-velocity  efficiencies which varied from 78 t o  98 percent 
over most of the mixture range; spreadFng both prqeellmts  increased the 
efficiency  to a t  least 9 1  percent over the entire mixture  range. 

3. With the parallel-jets  injector (no induced mixing or  spreading), 
characteristic-velocfty  efficiency varied from 69 to 83 percent. 

4. For all but one of the iqjectors,  characteristic-velocity effi- 
ciency approached 95 percent as mixture r a t i o  (oxygenif’uel) approached 
2 .o. 
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5. An increase i n  hydrogen  temperature f’ram -320° to 80° F, in- 
creased  efficiency  about 20 percent for the  pakallel-jets  injector. 

6. A decrease in chamber  length frm 8 to 2 inches  had  little  effect 
on perfomnce of Injectors which spread  both  propellants  whether  or  not 
mixing was induced. 

7. Comparison c f  the  results  with  those  obtEtined in a prevlous 
study of oxygen-heptane  showed libat the  relative  effect6 of mixing and 
spreading on characteristic-velocity  efficiency c&~l be qualitatively 
predicted  by  considering  propellant  physical  properties,  and  that with 
adequate  preparation oxygen-hydrogen requires  about 0.2 to 0.5 the  ccnn- 
bustor  volume of oxygen-heptane. 
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Figure 1. - Schematic dlagram of gaseoue hydrogen - liquld oxygen rocket installation. 
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Figure 3. - Injector design conditions far pressure drop, 
injeotFon velocity, and total propellant momentnun. 
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Injection pattern @ @ 
Center Jet pressure drop, 10 pounda per  square inch. 

t 
Direction of view 

t 
Direction of view 

C e n t e r  jet pressure drop, 250 p m d s  per  square inch. CE-5045 
c-43028 

(a) P a r a l l e l -  jets  injector. 

Figure 4. - Spray photographs with water flow through  oxygen orifices  at 
a pressure drop of 100 pounds  per square inch and helium flow t h r o w  
hydrogen orifices  at pressure drops of 10 and 250 pounds per square inch. 
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Center sheet preseure drop, 10 pounds per square ivh. 

t 
Direction of view 

t 
Direction of view 

i 

Center &set preeeure drop, 250 poMds per square inch. c,5Dh6 

C-43029 

(b) Impinging-eheets in jector .  

~igure 4. - comluaea. sprw  photo^^ w i t h  vet- flow thr- o x y g ~  
orifices  at a pressure drop of 100 pounds per square- inch and helium 
flow through-hyb-ogen orifices  at  pressure drops of 10 and 250 pounds 
per equare inch. 



NACA RM E56125a - 17 

0 .2 - 4  .6 .a 1.0 1.2 
Equivalence r a t io ,  re 

L I 1 t I I I 
1 2 3 4 5 6 7 

Oxidant-fuel weight r a t i o  

Figure 5. - Theoretical   characterist ic  velocity and specwic impulse for 
hydrogen-oxygen propellant  system at  300 pounds per squaxe  inch  absolute 
with  chaaiber-pressure nozzle-area ratio of 1 and equilibrium  expansion. 



J FSACA RM $561258 

80 

60 
0 .2 .4 .6 .8 1.0 1 .2  

Equivalence r a t i o ,  re 
I I I I I I 1. 
1 2 3 4 5 6 7 

Oxidant-fuel weight . r a t i o  

F l a r e  6. - Engine perfonaElnce with combustion  chamber  having charac te r l s t lc  
length of 50 inches. 
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(b) Oxidant-sheets,  fuel-jet  Fnjector,  spreading of oxidant only. 

Figure 6. - Continued.  Engine performance with combustion  chamber having 
characteristic  length of 50 inches. 
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(c)  Fuel-sheet;  ofidant-jets  indector;  spreading o r  fuel  0d.y. 

Figure 6 -  - ContLnued.  Engine performance with cordbustion chmber having 
charac te r i s t ic  length of 50 inches. 
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(a) Parallel-sheets inLnjector; epreading of both propellants. 

Figure 6. - Continued.  Engine  performance with  cmbustion chamber having 
characterist ic  length of 50 inches. 
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( e )  Impinging-jets injector; mixing before spreading. 

Figure 6. - Continued. Engine performance with combustion chamber havhg 
characteristic length of. 50 inches. 
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0 .e .4 .6 .a 1 .o 1.2 
Equivalence  ratio, re 1 1 I f I I I 

1 2 3 4 5 6 7 
Oxidant-fuel weight ratio 

(f) Impinging-sheets  injector;  mixing after spread-. 

Figure 6. - Concluded. m i n e  performance w i t h  combustion chaniber having 
characteristic length of 50 inches. 
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(b) Fuel dispersed. 

Figure 8 .  - Effects of oxygen dispersion on performance. 
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(a) Oxygen not atomized. 
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Injector 

A Parallel  jets 
B Oxidant sheets, 
C Fuel sheet, oxi 
D Parallel sheets 
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(b) Oxygen atomized. 

Figure 9. - EfTects of f u e l  spreading on performance. 
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(a) M i x i n g  before diepersion. 
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Equivalence rat io, re 

(b) Mixing after  dispersion. 

Figure 10. - Effects of propellant mixing on performance. 
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(c)  Parallel jets. 

Figure 11. - Short combustion-chamber performance of three 
injectors compared with performance in  a chamber with a 
characteristic  length of 50 Inches. 
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Figure 12. - EfTect of hydrogen injection temperature on performance 
in a pafsllel-jete  injector with chamber characteristfc length of 
50 inches. 
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Figure 13. - EPfect of fuel placement on engine performance. Chamber 
characteristic length, 50 Inches; fuel-sheet, oriaant-jet injeatar 
(fig. 2 ) .  
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(a) Oxygen atomization; fuel 

- Oxygen-hydrogen - - Oxygen-heptane 

.6 1.0 

(c )  Fuel  dispersion; oxygen not (a) Fuel dispersimj oxygen 
atomized.  atomized. 

Figure 14. - Comparison of propellant  preparation ef fects   for  oxygen- 
hwogen  and oxygen-heptane. 
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(e)  Dispersion of both 
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k (f ) Mixing  before  dispersion. 
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(g) Mixing after  dispersion. 

Figure 14. - Concluded.  Comparison of 
propellant  preparation  effects for 
oxygen-hydrogen and oxygen-heptane. 
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